Abstract. Synchrotron white-beam x-ray topographs taken in the back-reflection mode have proved a powerful tool in the study of defects in semiconductor-grade silicon carbide crystals. Capable of mapping the distribution of axial dislocations across a wafer's area (notably the devastating micropipe defect), it can also provide information on their natures. Under favorable conditions, various other types of defect may be observed in back-reflection topographs of SiC, among which are subgrain boundaries, inclusions, and basal plane dislocations. Observed defect images in backreflection topographs may be simulated using relatively simple computer algorithms based on ray tracing. It has been possible to use back-reflection topographs of SiC substrates with device structures deposited upon them to relate the incidence of defects to device failure.
Introduction
While transmission and forward-reflection x-ray topography are well-established techniques for the characterization of defects in nearly perfect crystals, x-ray topographs taken in the back-reflection geometry, i.e., at Bragg angles of greater than 45°, do not generally provide useful defect images. However, during the course of our research on silicon carbide semiconductor wafers, it was realized that back-reflection topographs of SiC wafers cut along the hexagonal crystals' basal plane taken using continuous synchrotron radiation were especially suited to the study of the prevalent micropipe defect [1] . The synchrotron white-beam x-ray topograph in Fig. 1(a) shows the striking contrast observed in back-reflection topographs of nearly perfect SiC crystals. Most prominent are the circular images of micropipes, labeled M. Micropipes are hollow-cored screw dislocations with large Burgers vectors that run the length of hexagonal SiC crystals roughly parallel to their c-direction, so, in a basal cut sample, are seen end-on. Since discovering the micropipe images, it has proved possible to use the back-reflection experiment to image various other types of defect that occur in these crystals when circumstances are favorable. This article will describe the backreflection technique and its capabilities.
Implementation
The experiment using a white-beam synchrotron radiation source is diagrammed in Fig. 2(a) . A basal-cut wafer is aligned to its (0001) face using either its transmission or its back-reflection Laue pattern, then tilted by about 10° to obtain a desired Bragg angle for the basal plane reflection. A synchrotron beam of suitable cross-section is allowed to fall upon the basal face of the SiC crystal and its back-reflection Laue pattern is recorded on a piece of x-ray film situated upstream from the sample, usually held perpendicular to the beam direction. Such a back-reflection Laue pattern is shown in Fig. 3 . The central spot B in the pattern obtained is the desired basal plane reflection. The Bragg angle is usually chosen as 80 to 78°, these angles giving the most useful projection geometries; however, Bragg angles within the range of 85 to 50° usually result in topographs with similar features and contrast. Basal plane reflections recorded at Bragg angles higher than 80° suffer from severe background noise, as a great deal of incoherent radiation is scattered directly
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backward as the incident beam strikes the sample. This background noise is obvious in Fig. 3 , where it is labeled S. It centers around a point slightly beneath the film, which was the path of the incident beam. When this background noise affects the contrast of a topograph, the recording film may be placed farther away from the sample, or the Bragg angle decreased by a few degrees to move the basal plane reflection out of the path of the most intense back-scattered radiation. The influence of background noise is further reduced during photographic enlargement of the topographic image. A red acetate polycontrast filter is used in combination with Kodak polycontrast paper (or its equivalent) to sharply increase the contrast of the final topographic print. Other strong reflections that appear in the back-reflection Laue pattern of basal-cut SiC crystals, chiefly members of the (101l) and (11 2 l) rows of diffraction spots, which in Fig. 3 radiate outward from the position of the basal plane reflection, give poor topographic contrast and are useless for defect characterization. 
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Defects and Diffusion in Semiconductors -An Annual Retrospective VII Silicon carbide exhibits polytypism, which is a type of polymorphism, or crystalline modification. It is capable of existing in many polytypes, but the most common are the hexagonal 6H and 4H, the rhombohedral 15R, and cubic 3C crystal structures. The numeral in this polytype notation represents the number of basal plane layers in the hexagonal or pseudohexagonal unit cell of the polytype. The structurally allowed basal plane reflections are those representing the lattice spacing between two monomolecular basal plane SiC layers and the series of harmonic reflections that derive from this spacing. In other words, for the 6H polytype, the allowed reflections have the indices 000 6n, and for the 4H polytype, the allowed reflections have 000 4n, where n is the harmonic number [2] . The g-vector of a back-reflection x-ray topograph would be assigned the Miller index of one of these harmonics.
While white-beam synchrotron topography is the most useful method for routine characterization of wafers in the back-reflection geometry, it is possible to record back-reflection topographs with a Lang camera that resemble those obtained at a synchrotron radiation source. There are ten possible Bragg angles in which to record Lang topographs of the basal plane reflections of SiC using either molybdenum or copper Kα 1 characteristic radiation [3] . Of these, only one reflection gives a contrasty topograph, which is g = 000 18 for 6H-SiC or g = 000 12 for 4H-SiC, using Cu radiation [4] . This back-reflection experiment, which has a Bragg angle of 66.5°, is illustrated in Fig. 2(b) . The crystal and the recording film are mounted on a reciprocating, motorized carriage that serves to scan the collimated beam of Cu Kα 1 x-rays across the area of the crystal. Because the Lang method requires a specimen-to-film distance of less than 20 cm, and the recording film and Kα 1 slit (which is necessary to separate the diffracted Kα 1 x-rays from diffracted Kα 2 rays) are placed upstream from the sample, the width of recording film cannot be more than about 1.5 cm, lest it occlude the incident beam during part of the scan. Lang back-reflection topographs are limited, then, to small samples.
The CuKα 1 g = 000 18 Lang topograph in Fig. 1(b) shows contrast and features similar to the synchrotron white-beam topograph pictured beside it in Fig. 1(a) . Indeed, a one-to-one correspondence may be observed between the dislocations visible in this Lang topograph and those visible in the synchrotron white beam topograph.
Because silicon carbide wafers are now being grown in diameters approaching 4 in, topographs that show the distribution of defects across the entire area of a wafer are the most desirable. The Figure 3 . Back-reflection Laue pattern of the (0001) face of 6H-SiC. The specimen-to-film distance is 15 cm.
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maximum cross-sectional footprint of the white synchrotron beam provided at the topography beamlines located at the various synchrotron radiation facilities around the world are often smaller than the total areas of samples under study. Topographs of wafers with dimensions greater than the area of the synchrotron beam used may be prepared as montages of a series of exposures covering different parts of the sample. Alternatively, more attractive photographic images were obtained by scanning the synchrotron beam across the sample with an apparatus similar in principle to the Lang camera [5] . This experiment is diagrammed in Fig. 2(c) . The synchrotron beam is restricted by vertical slits into a narrow beam, which is scanned once across the sample by a motorized carriage to which the sample and film cassette are affixed. The basal reflection, which forms the back-reflection image, is separated from other reflections by a slit cut into a screen made of lead sheet, which also serves to protect the film from scattered radiation to reduce background noise. It is necessary for the lead screen to be twice the size of the film, to accomplish this throughout the full length of the scan. With the largest diameter wafers, it can be necessary to decrease the Bragg angle and increase the specimen-to-film distance, to remove the diffraction spot far enough from the incident beam so the arrangement in Fig. 2 (c) may be achieved. Because the surface normal of the crystal is usually tilted from the incident beam direction in this geometry, when the wafer is large, during a scan, the local specimen-to-film distance may change more than a centimeter from top to bottom of the wafer, causing the diffracted spot to creep across the lead slit. This situation makes it necessary to open the lead slit wider, increasing background noise and degrading the topograph. This may also be necessary if, for example, the basal crystallographic plane of wafer has a gradual curvature across its diameter. The former problem may be ameliorated if the wafer has a surface offcut (4H-SiC wafers are often manufactured with an 8° offcut); the wafer may be turned so that the offcut tilts in the opposite direction of the goniometer tilt, making the surface normal closer to the incident beam direction.
A scanned image of a 30 mm diameter 6H-SiC wafer is shown in Fig. 4 . The utility of such a complete back-reflection topograph is immediately apparent; it images a distribution of defects across the whole area of the wafer, in particular, that of the destructive micropipe defect. 
Harmonic Nature of White-Beam Back-Reflection Topographs
Synchrotron radiation sources deliver a continuous spectrum whose emission power varies continuously with wavelength. At an individual facility, ring geometry, operating energy and beamline absorption restrict this spectrum within a particular range. At Beamline X19-C at the National Synchrotron Light Source, this range lies between 0.2 and 2.0 Å, and peaks at 0.8 Å.
Due to the broad spectral range in a white beam experiment, several or more structurally allowed harmonic reflections may superimpose on a given Laue spot in a typical experiment. As the harmonic order of a given component reflection increases, lower resolutions and wider dislocation image widths are afforded. Most often the result of such a situation is a blurred x-ray topograph [6] .
In the transmission geometry of 6H-SiC, the 0006 reflection at a Bragg angle of 8° uses a wavelength of 0.70 Å. Its second harmonic, 000 12, uses a wavelength of 0.35 Å and comprises less than 1% of the intensity of the diffraction spot, since intensity is proportional to the cube of the wavelength. In this case, the harmonic contamination is insignificant.
In the back-reflection geometry, however, where a typical Bragg angle would be 80°, the situation is dramatically different. Here, due to the large Bragg angle, the x-ray wavelengths that satisfy Braggs Law are much larger. The first harmonic diffracts radiation with a wavelength of 4.96 Å, so fifteen harmonics, a rather unusually large number, fall within the spectral range of X19-C and comprise the basal plane reflection topographic images recorded there. The g-vectors of these reflections have Miller indices of (000 6n), ranging between 000 18 and 000 108. The bar graph in Fig. 5 shows the calculated contributions to the synchrotron white beam topograph of each member of this series of harmonic reflections. It can be seen that 99% of the film intensity arises from the harmonics lying in the range from 000 18 to 000 48. The chief contributor, providing half the intensity, is g = 000 24, the fourth harmonic of 0006, while the third and fifth harmonics are secondary peaks. This situation arises because the white beam wavelength range at X19-C has an upper limit lying between the wavelengths of the second and third harmonics. Several higher order reflections make minor contributions to the intensity, an influence of the large c-parameter.
The Lang topograph shown in Fig. 1 (b), being harmonically pure because it is taken with Figure 5 . Bar graph representing the variation in proportion of developable grains across the series of harmonic reflections g = (000l). Fig. 1(b) shows contrast and features similar to the one pictured above it in Fig. 1(a) . These similarities reason that g = 000 24 contributes the image contrast to the white-beam backreflection topographs. Filtration experiments argue, however, that this reflection is not the sole contributor. Filtering synchrotron beam through 40 µm of Cu foil will eliminate the 000 24 reflection entirely, leaving the 000 18 reflection the most intense, and using 1 mm of Al will shift the maximum to g = 000 42. Neither of these filtrations affect the contrast of the white beam image dramatically, so it seems that the 000 24 reflection does not exclusively provide the back-reflection image's contrast.
Defect Images in Back-Reflection Topographs
Axial Screw Dislocations. The total area density of axial screw dislocations occurring in commercially available SiC wafers grown by the physical vapor transport process as revealed by xray topography is between 10 3 and 10 5 cm -2 [8] . These screw dislocations extend along the growth direction of the SiC crystal and their Burgers vectors occur in integral multiples of its c lattice parameter. In the 6H polytype, the axial screw dislocations with Burgers vectors of 3c or larger have hollow dislocation cores, cylindrical voids with diameters between 0.1 and 10 µm. These voids have been called micropipes. The term micropipe tends to be used interchangeably for the void itself and for the collective phenomenon of an axial screw dislocation with a hollow core. The area densities of micropipes in the semiconductor wafers manufactured from these boules vary between 10 and 10 3 cm -2 , a count generally an order of magnitude smaller than the total density of axial screw dislocations. Fig. 1(a) shows the striking contrast observed in back-reflection topographs of such a sample. Their characteristic features are black rings with white centers (labeled D in Fig. 1(a) ) of various diameters, arising from the high lattice strains associated with the cores of superscrew dislocations of variously sized Burgers vectors. The diameters of the black rings are roughly proportional to the axial screw dislocations' Burgers vectors. It is assumed that the dislocation images of the smallest diameter represent screw dislocations of 1c strength, and that each apparent "step" in diameter represents a Burgers vector that is an integral multiple of 1c. Diameters of axial screw dislocations in back-reflection images have been used to quantitatively analyze the Burgers vectors of micropipes in silicon carbide crystals [9] .
Interferometric measurements of the step heights in growth spirals associated with gigantic screw dislocations in silicon carbide crystals suggest that these sometimes occur with Burgers vectors of hundreds of c lattice parameters. Back-reflection topographs of such crystals show gross distortions in the regions where these giant screw dislocations occur [3] . In back-reflection topographs of semiconductor wafers, the circular axial screw dislocation images do not occur for micropipes of strength greater than about 10c (for 6H-SiC). Circular images with diameters that suggest larger Burgers vectors may be found; but upon microscopic examination of the wafer, it is always found that they represent several closely-spaced but distinct micropipes whose strain fields overlap to form a wider image.
The "ray-tracing" method has been used in our laboratory to simulate back-reflection topographs taken with the basal plane reflection of SiC, using the displacement field of a screw dislocation along the z-axis of an infinite crystal [10] [11] x y tan 2
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In this method, a normal vector to the diffracting plane is determined from the displacement function that distorts it; this diffraction normal is used to calculate the projection of the incident x-ray beam onto a recording sheet of x-ray film. The distorted region around the dislocation core is considered to consist of a large number of small crystallites which are orientated by the strain field and diffract x-rays kinematically according to their local lattice orientations. Under these conditions, calculating the traces of the diffracted x-rays enables one to map the spots where these rays intersect the recording plate, and the contrast intensity of the direct image is then determined by the density distribution of the intersection spots. This density distribution is plotted as a grayscale map. The simplicity of Eq. 1 enabled fast progress using short algorithms run on microcomputers.
A ray-tracing computer simulation of the back-reflection image of a 3c axial screw dislocation is presented in Fig. 6 . The simulation produces the required circular image, where x-rays are divergently reflected from the distorted lattice planes near the dislocation core to deplete intensity near the center of the image and concentrate their intensity into a dark ring surrounding it. It should also be noted that the helical tilt of the screw's diffracting planes twists the directions of the diffracted rays about the dislocation line.
This twist effect is visible in section topographs for which the incident beam has been restricted to a narrow slit (narrower than the dislocation image) and positioned to fall across the center of an axial screw dislocation. Such a back-reflection section topograph is presented in Fig. 7(a) . Compared with Fig. 6 , only two "tails'' of the overall dislocation image remain in the section topograph.
Simulated section topographs may be obtained by utilizing only the diffracting elements of the crystal that fall within the projected path of a narrow strip of incident rays. Such a topograph is shown in Fig. 7(b) . The strip of diffracted intensity is displaced downward and upward at either side of the white, circular center of the simulated screw dislocation image to break into two tails in Fig.   7 (b) as it is in the x-ray topograph in Fig. 7(a) . The upper tail originates from the left half of the illuminated dislocation core, while the lower tail 
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corresponds to the right half. The presence of the tails stretching in directions out of their illuminated sides indicates that the diffracted rays are twisted from the incident beam direction. The twisting direction of the rays is opposite to the dislocation sense. Back-reflection section topography is then capable of discerning the senses of axial screw dislocations. Though screw dislocations appear as circular white spots, non-circular white spots are also frequently observed in back-reflection topographs. Microscopic observation of the crystal reveals that the non-circular white dislocation images represent two or more micropipes in close proximity. These non-circular white spots are then images of axial screw dislocations placed close enough for their individual strain fields to interact, distorting their images from circularity. In these cases, the shapes of their non-circular images may be simulated by considering their collective dislocation fields as a linear combination of two screw dislocation strain fields of the form of Eq. 1.
Figs. 8(a) to (c) represent the simulated topographic images of axial screw dislocations of equal Burgers vectors located at different separation distances. It is clear that when their separation is small, the image is an ellipse of low eccentricity [ Fig. 8(a) ]. Here the diffraction behavior of the dislocation pair is similar to that of a single dislocation with the Burgers vector being the sum of the two individual Burgers vectors. As the distance between the two dislocations increases in Fig. 8(b) , the image becomes more complex, developing features that are more than the mere superposition of two circular images. In Fig. 8(c) , the images of the two dislocations are well separated, but their shapes are still visibly distorted from circularity.
Simulations This shows that the strain field of one dislocation is, indeed, modified by that of the other of the dislocation pair. The large interaction distance suggests lattice deformations of a single superscrew Inclusions. Second-phase inclusions composed of either carbon or of silicon may be deposited in silicon carbide crystals during the modified Lely process under some growth conditions. Under certain circumstances, inclusions may give an image in back-reflection topographs similar to the circular image of axial screw dislocations [12] . Fig. 10(a) shows the back-reflection topograph of the carbon-face of a 3C-SiC platelet grown by the Baikov process [13] which contains inclusions at a depth of about 14 µm beneath the reflecting surface, but is without axial screw dislocations. The topograph of this back side is peppered with roughly circular light spots, the diameter of most being close to that of a 3c micropipe image. A back-reflection topograph of a PVT SiC wafer with axial screw dislocation images in the same size range is shown in Fig. 10(b) for comparison. The screw dislocation images in Fig. 10(b) have more distinct white contrast than the inclusion images, there 
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being some diffracted intensity inside the inclusion spots in Fig. 10 (a) making them appear gray rather than white. The images of inclusions in back-reflection topographs can be understood by considering raytracing computer simulations based on the displacement field of a spherical inclusion. The function relevant to distortion of the basal plane by a spherical inclusion in a semi-infinite solid is the z-component of its displacement field
where d is the inclusion's depth, , and A is a parameter representing the measure of strain the inclusion introduces into the crystal lattice; the origin being at the inclusion's center. Choosing the value of A as 0.065 µm 3 and an x-ray penetration depth of 8.0 µm results in the image in Fig. 11 , with a diameter comparable to the white spots in Fig. 10(a) . The simulation a 3c axial screw dislocation in Fig. 6 and that of an inclusion in Fig. 11 are similar, in that intensity reflected from the area centered on their defects is concentrated into a dark ring. In the case of the screw dislocation of Fig. 6 it is complete, the intensity being absent from the ring; while in that of the inclusion, the intensity within its dark ring is merely depleted.
The difference between the mechanisms of image formation in the back-reflection topography of axial screw dislocations and inclusions can be analyzed more intimately with section topographs. As the section slit was positioned across the center of a micropipe in Fig. 7 , the slit is positioned across the center of an inclusion in Fig. 12 . The two-tailed image in Fig. 7 (b) has been described as characteristic of a section topograph of screw dislocations [10] . The section topograph of the inclusion in Fig. 12(b) lacks this two- 
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Defects and Diffusion in Semiconductors -An Annual Retrospective VII Journal Title and Volume Number (to be inserted by the publisher) 11 tailedness. Like the traverse topograph of Fig. 10(a) , the defect image again shows a gray center of depleted intensity bracketed by a dark perimeter. The diffracting planes in the vicinity of a spherical inclusion lack the helical twist that those in the core of a screw dislocation have. A spherical inclusion's strain field bulges the diffracting planes above it into convex curvatures, tilting them radially outward from the defect's center. In the simulated section topograph of an inclusion in Fig. 12(a) the absence of a twist is evident, as the image is symmetrical about a line drawn through the center of the defect parallel to the g-vector. Diffracted intensity is depleted from the central area of the defect image and concentrated at its edges, forming two curved bars of dark contrast. This is roughly what is seen in the section topograph of an inclusion in Fig. 12(b) .
Inclusions may give contrast in back-reflection x-ray topographs that resemble the white circular images of axial screw dislocations under some circumstances, depending on how strongly the inclusions distort their host lattice relative to their depth (in terms of x-ray penetration) beneath the reflecting surface. Applying the ray-tracing method to the displacement field of a spherical inclusion as described by Eq. 2 is adequate to describe the essential features of their back-reflection images. The mechanism of the defect contrast being roughly explained, it is then possible, in principle, to discern between an inclusion's and a micropipe's image in a back-reflection x-ray topograph by positioning a section slit so that the incident beam falls across the defect under consideration.
Subgrain Boundaries. Subgrain boundaries, which are also known as low-angle grain boundaries or domain walls, are walls of discontinuity between adjacent grains that are misoriented by less than five degrees or so. The misorientations associated with the subgrain boundaries which occur in physical vapor transport process SiC wafers are generally smaller than twenty minutes of arc [14] . This misorientation results in a light or dark orientation contrast in x-ray topographs. Fig. 4 shows a back-reflection topograph of a 4H-SiC wafer containing subgrain boundaries. The dark and light contrasts are labeled D and L respectively. In PVT process SiC wafers, subgrain boundaries tend to either radiate outward from the center of a wafer [15] , or arrange themselves along the <1010> crystallographic directions. They sometimes fully enclose a region of the crystal that can be called a discrete subgrain, but often they do not, and merely represent a more gradual misorientation between regions of the crystal.
Orientation contrasts in back-reflection topographs of basal-cut SiC wafers result from two out of three components of misorientation across grain boundaries, the twist and basal-tilt components, but not the prismatic-tilt component. Knowing the specimen-to-film distance of the topographic experiment, it is possible to measure the widths of the subgrain boundary images in back-reflection topographs and estimate these misorientations using trigonometric relations.
Basal Plane Dislocations. In addition to axial screw dislocations, SiC crystals contain dislocations whose Burgers vectors and line directions lie in their basal planes. Because of this, they have been termed "basal plane dislocations." They are often prominent features in transmission topographs of SiC crystals. Since their Burgers vectors are orthogonal to the basal plane, the g ⋅ b × l = 0 criterion suggests that contrast of basal plane dislocations should be minimal in back-reflection topographs as they use basal plane reflections. Those basal plane dislocations that occur at levels in the crystal close to the reflecting surface, however, may give moderate contrast. Fig. 13 shows a backreflection topograph of a 6H-SiC Lely platelet. In Lely platelets, basal plane dislocations resulting from plastic deformation typically originate at a platelet's point of contact with the crucible wall during growth and follow curved paths through the crystal. Some of the basal plane dislocations present, those near enough to the reflecting surface, are visible in Fig. 13 and marked D. Most of their contrast must originate from a surface relaxation effect of the dislocations' strain fields. Basal plane dislocations are sometimes visible in back-reflection topographs of wafers grown by the PVT Defects and Diffusion Forum Vols. 230-232 11 process as well. They appear as faint lines extending between or looping around axial screw dislocation images, the mechanism of basal plane dislocation generation being associated with the surfaces of micropipes. Suggestions of this may be seen in Fig. 1 .
Stacking Faults.
Parallelogram or triangular-shaped stacking faults bounded by dislocation loops have been observed to develop in the epilayer portion of hexagonal silicon carbide diodes during their operation under forward carrier injection. Providing they do not lie too far below the surface of the epilayer relative to the penetration depth of the x-rays, the shapes of the stacking faults may be observed in back-reflection synchrotron white-beam topographs as dark contrast [16] . The dislocation loops that bound the stacking faults are formed of partial dislocations whose Burgers vectors lie in the basal plane; these dislocations are not imaged along with their stacking faults in the back-reflection topographs.
Other Features in Back-Reflection Topographs
Processing damage sometimes is visible on back-reflection topographs of SiC wafers. The heavy, dark, double lines of surface scratches behave as they do in other types of x-ray topographs, most intense when the scratch is running perpendicular to the g-vector. The stress of sawcut damage when only one side of a wafer has been polished on the side opposite the reflecting surface can degrade the image severely, depending upon the thickness of the wafer. The dynamical penetration depths of many of the higher harmonics, g = 000 60 through g = 000 108, though their overall contributions to the image intensity are small, are deep enough (71 to 123 µm) to "see" the severe stress associated with such texture on the opposite face of the wafer. The most penetrating part of sawcut damage is often microcracks that "thread" upward and roughly follow cleavage directions of the crystal. When these microcracks have been incompletely removed from the back face of a wafer, horizontal streaks with a characteristic shape, labeled C in Fig. 1(a) , appear in synchrotron white-beam back-reflection topographs. The streaks are absent in the Lang topograph in Fig. 1(b) , where the penetration depth is a mere 8.4 µm, demonstrating that the diffuse contrast of features Figure 13 . Back-reflection synchrotron white-beam topograph of a 6H-SiC Lely platelet (g = 000 24, λ = 1.24 Å) in which basal plane dislocation images appear.
Defects and Diffusion in Semiconductors -An Annual Retrospective VII
deep beneath the crystal's surface in the synchrotron white beam topograph arises from the higher harmonics.
The back-reflection experiment can be used to examine SiC substrate/epilayer systems that have semiconducting devices fabricated upon them. The features that make up the device topology typically provide contrast on the topographs. This contrast usually originates from the strain experienced by the crystal at the edges of growth mesas, or strain and absorption contrast associated with metallization layers. Topographs recorded from such structures provide an image of crystal defects in the substrate superimposed on the backdrop of the device topology. This has enabled direct comparisons to be drawn between the performance of specific devices and the distribution of defects within their active regions. The technique has been especially useful to evaluate the effect of micropipes [17] [18] and axial screw dislocations [19] [20] [21] on device performance. An example of a back-reflection image recorded from a crystal with thyristors fabricated on it is shown in Fig. 14. The locations of the various defects in the wafer, micropipe, M, axial screw dislocations, S, and subgrain boundary, SGB, in relation to the device mesas are apparent.
It was discovered that when heteroepitaxial deposition of SiC occurs on SiC substrates, "islands" of epitaxial SiC consisting of polytypes different from the SiC substrate are imaged in backreflection x-ray topographs, while those of the same polytype as the substrate are not [22] . Chemical vapor deposition of SiC was carried out on a 4H-SiC substrate with device-sized mesas Figure 14 . Synchrotron white-beam x-ray topograph recorded from a 6H-SiC single crystal with thyristors fabricated upon it. The small white spots distributed over the image are 1c and larger screw dislocations. The location of these dislocations with respect to the device topology can be clearly discerned, enabling the influence of the defects on device performance to be determined. etched upon it, whose back-reflection topograph is shown in Fig. 15 . The matrix of the heteroepitaxial film covering the mesas is composed of 4H-SiC which shows no topographic contrast. The position of a mesa covered with 4H-SiC is marked with a white box and labeled 4H. In this matrix of 4H-SiC, islands of 3C-SiC nucleated. These 3C-SiC islands are imaged through their mismatch stress with the 4H-SiC substrate. The appearance of these 3C-SiC islands (one of which is marked 3C) which outline the shapes of many of the mesas they inhabit, enabled the occurrence of individual axial screw dislocations (labeled S) to be located in each mesa, as well as processed reflection topographic images of the two possible 3C-SiC double positioning twins to be overlaid upon the back-reflection topograph. Conclusions could be drawn about the influence of axial screw dislocations upon the nucleation of either polytype upon a given mesa.
